The ventral tegmental area (VTA) plays a critical role in motivated behavior. However, it remains unclear whether intact VTA function is necessary for motivated behavior to seek contexts repeatedly paired with natural stimuli and/or pharmacological stimuli. In the present study, conditioned place preference (CPP) was induced using highly salient natural or drug stimuli attributed with strong incentive-motivational value in each of two female models: postpartum females were conditioned to associate one unique context in the CPP apparatus with young offspring (pups) and a second context with a neutral stimulus, and virgin females were conditioned to associate unique contexts with cocaine (5mg/kg i.p.) and saline injections. Immediately prior to CPP testing, each female received a microinfusion of bupivacaine bilaterally into the VTA to transiently inactivate the region; subjects were also tested following saline microinfusion into the VTA. Postpartum females' preference for the pup-paired context was abolished by VTA inactivation but was restored to high control levels following saline microinfusion. In separate tests, VTA inactivation also reduced motivated pup licking and pup retrieval in postpartum females, suggesting that intact VTA function is required for the expression of both pup CPP and motivated pup-directed behaviors. Cocaine CPP remained unaffected by VTA inactivation. Locomotion was not affected by VTA microinfusions but was severely impaired by bupivacaine microinfusions into the substantia nigra. We conclude that the VTA is differentially involved in the expression of conditioned preference for contexts paired with pups, a salient natural stimulus, and contexts paired with cocaine.
Introduction
Extensive research has provided important insights into the unique motivational state of the female mammal. In rats, as well as virtually every other mammalian species, the female expresses remarkable motivation to seek out and interact with unique natural stimuli, such as offspring, during her natural lifecycle (Lee et al., 2000; . Female rats are also highly responsive to pharmacological stimuli, such as cocaine, and are consistently more motivated to seek out and consume drugs of abuse compared to their male counterparts (Lynch and Taylor, 2004; Becker and Hu, 2008; . However, limited research has explored how discrete components of the extended neural circuitry participate in females' motivation to seek out natural and/or drug stimuli and the contexts that predict them.
Motivated behavior directed toward natural and drug stimuli is mediated by an extended, overlapping neural circuitry that includes the ventral tegmental area (VTA) and its ascending mesocorticolimbic projections (Ikemoto and Panksepp, 1999; Carelli et al., 2000; Carelli and Ijames, 2001; Carelli, 2002 Carelli, , 2004 ; Phillips et al., 2003b; Roitman et al., 2004; Wise, 2004; Yun et al., 2004; Salamone et al. 2005 Salamone et al. , 2007 Fields et al., 2007; Berridge 2007) . Subpopulations of VTA neurons respond to appetitive stimuli attributed with positive incentive value (Kiyatkin and Rebec, 1997; Brodie et al., 1999) and to cues or contexts associated with appetitive stimuli (Fields et al., 2007; Sombers et al., 2009) . Disrupting VTA function, conversely, impairs an animal's ability to acquire and express effortful stimulus-seeking behavior directed toward stimulus-predictive cues (Yun et al., 2004; Zellner et al., 2009) . It is thus likely that intact VTA function is required for animals to seek out contexts associated with appetitive natural and/or drug stimuli.
Well-established research indicates that the VTA participates in animals' behavioral and physiological responses to a highly appetitive drug, cocaine, and to the expression of cocaineseeking behavior. Both cocaine and cocaine-seeking behavior can rapidly alter VTA activity (Einhorn et al., 1988; Le Foll et al., 2002; Febo et al., 2004; Borgland et al., 2004) and transiently increase accumbal dopamine (DA) via VTA-dependent mechanisms (Carelli et al., 2000; Carelli and Ijames, 2001; Carelli, 2002 Carelli, , 2004 Sombers et al., 2009 ). Both operant and conditioned place preference (CPP) responses to cocaine rely on ascending DAergic projections originating in the VTA (Tzschentke, 2000; Marinelli and White, 2000; Harris and Aston-Jones, 2003; Beninger and Gerdjikov, 2004; Ishikawa et al., 2008; Sombers et al., 2009) , suggesting that cocaine's incentive value involves intact VTA function.
The VTA also participates in the performance of motivated behavior directed toward natural stimuli, including offspring (Fahrbach et al., 1986; Numan and Insel, 2003; Numan and Stolzenberg, 2008, 2009) . Young pups elicit strongly motivated responses from maternal females: females will bar-press at high rates for pups (Lee et al., 2000) and prefer a pup-paired chamber over neutral or even cocaine-paired chambers (Fleming et al., 1994; Mattson et al., 2001; Morrell, 2007, 2008; Wansaw et al., 2008) . Not surprisingly, the VTA of maternal females is activated by exposure to young pups and their associated sensory stimuli (Lin et al., 1998; Komisaruk et al., 2000; Febo et al., 2005; Hernández-González et al., 2005b) and during the expression of maternal behavior toward pups (Hernández-González et al., 2005a) . Intact DAergic transmission from the VTA is required for females to express maternal behavior (Hansen et al., 1991) and accumbal DA is transiently elevated during pup licking and retrieval (Hansen et al., 1993; Champagne et al., 2004; Afonso et al., 2008) , likely via DAergic projections from the VTA. The incentive value of pups is also mediated, at least in part, by DA, as preference for a pup-paired context can be disrupted by blocking DA systemically (Fleming et al., 1994) . We posit that the VTA is required for a female to seek out a pup-paired context; to date, no work has directly assessed this hypothesis.
The present study uses a conditioned place preference (CPP) paradigm to assess females' motivation to seek out contexts paired with salient natural (pup) or drug (cocaine) stimuli (Tzschentke, 1998 (Tzschentke, , 2007 . To deliberately simplify our methodology, postpartum females were conditioned and tested for pup CPP and virgin females for cocaine CPP. Although virgin females will express maternal behavior if given prolonged exposure to young pups , we chose to assess pup CPP in postpartum females, which provided the most simple and naturally occurring maternal model. As virgin and postpartum females also express identical cocaine CPP across a wide range of doses (0.5-10mg/kg i.p., Pereira and Morrell, unpublished data) , we selected virgin females as the most straightforward population in which to examine cocaine CPP and to provide highly translatable data across female groups.
In the present study, females learned to associate one unique cue-decorated CPP chamber (i.e., context) with either pups or cocaine and a second unique context with a neutral stimulus. As this associative learning occurs rapidly in females (Russo et al., 2003) , CPP provides a useful measure of motivated behavior when females' postpartum state and pups' development are both progressing . During the CPP test, each female was allowed to freely access each stimulus-paired context for 1hr. As primary stimuli were absent, the time that a female spent in each stimulus-paired context reflected her preference for the context, i.e., motivation to seek out (or avoid) the context.
To assess whether intact VTA function was required for the expression of pup and/or cocaine CPP, each female received a bilateral microinfusion of bupivacaine into the VTA immediately prior to CPP testing. This site-specific inactivation lasted for the duration of CPP testing (Coyle and Sperelakis, 1987; Tucker and Mather, 1998 ). Females were also tested for CPP when VTA function was intact (i.e., following saline microinjections). As guide cannulae were implanted prior to the start of the CPP paradigm and microinjections were not administered during CPP conditioning, conditioning (i.e., learning to associate a stimulus with a unique CPP context) occurred with an intact and fully functional VTA. Then, at CPP test, the VTA was transiently inactivated to determine whether the VTA was critically involved in the expression of conditioned preference for contexts paired with these natural and/or drug stimuli.
Given the role of the VTA in maternal behavior (Numan and Insel, 2003) , we also inactivated the VTA via bupivacaine microinfusions prior to testing postpartum females' maternal behavior. To our knowledge, this is the first study to assess whether intact VTA function is required for the expression of preference for a pup-paired context and, in separate tests, the expression of maternal behavior.
Bupivacaine transiently inactivates neurons at the discrete microinjection site by reversibly blocking voltage-gated sodium (Na+) channels (Hille, 1966; Tucker and Mather, 1998) . Like the structurally similar amide anesthetic lidocaine (Sandkühler et al., 1987; Martin and Ghez, 1999; Tehovnik and Sommer, 1997; Boehnke and Rasmussen, 2001; Pereira de Vasconcelos et al., 2006) , bupivacaine depresses neuronal firing within 2-5min post-injection but lasts up to 75min (Coyle and Sperelakis, 1987; Tucker and Mather, 1998; Fukuda et al., 2005) , providing a sufficient time window for testing a range of complex behaviors (e.g., CPP, maternal behavior) before recovery of neuronal function. Importantly, transient inactivation also minimizes long-term compensatory neural and behavioral adaptations induced by permanent lesions (e.g., Luhmann, 1996) . Given the heterogeneity of VTA microcircuitry (Fields et al., 2007) , inactivation of the entire VTA is the first step in determining whether the VTA is critical to an individual's motivation to seek out contexts paired with a natural stimulus (pups) and/or cocaine.
Methods

Animals
Subjects (n=78) were 90-120 day old female Sprague-Dawley rats raised in a colony maintained at the Laboratory Animal Facility at Rutgers University (Newark NJ), which is accredited by the American Association for Accreditation of Laboratory Animal Care. Subjects were moved into a quiet testing suite two days prior to the experiment and were handled daily. Virgin females (n=37) were sexually naïve. Females' estrus stage was not identified, as vaginal lavage can elicit CPP and attenuate female's motoric response to cocaine (Walker et al., 2002) . Previous CPP studies from our laboratory consistently reveal low variability in CPP responses in normally cycling females that were not tested for estrus stage (see . Postpartum females (n=41) were primiparous and remained with their culled, eight-pup litter after parturition. Subjects were housed individually in opaque shoebox cages (25.5cm W × 47cm L × 23cm H) with nest material and ad lib food and water, with a 12hr:12hr light:dark cycle (lights on at 0700). All subjects remained healthy and pups developed normally across the experiment. Separate groups of subjects were implanted with bilateral cannulae (postpartum n=22; virgin n=25) or remained non-surgical controls (postpartum n=19; virgin n=12).
Cannula implantation
Subjects were anesthetized with an intraperitoneal injection of ketamine hydrochloride (76.9mg/ml; Ketaset, Fort Dodge Animal Health, Fort Dodge, IA), xylacine (7.69mg/ml; Lloyd Laboratories, Shenandoah, IA) and acepromazine maleate (1.54mg/ml; AmTech Group, Inc., St. Joseph, MO), at a dose of 0.09ml/100g body weight. When surgical anesthesia was reached, the scalp was shaved, scrubbed repeatedly with Betadine, and a 0.5% marcaine solution was administered (0.5ml s.c.; Hospira, Inc., Lake Forest, IL) before the subject was secured into a stereotaxic apparatus using non-rupture ear bars (David Kopf Instruments, Tujunga, CA) and bite bar set at +/− 3.3mm. Bilateral stainless steel guide cannulae (22 gauge; Plastics One, Inc., Roanoke, VA) were aimed 1.5mm dorsal to VTA (flat skull; AP −5.6mm from Bregma, +/ −1.0mm lateral from midline, and −7.0mm ventral from skull surface and cannula pedestal) and secured to the skull using stainless steel screws and dental cement. Coordinates were obtained from Paxinos and Watson (1986) . Dummy stylets were inserted through guide cannulae to preserve patency. Surgery occurred on postpartum day 1 in postpartum females. Subjects recovered for a minimum of two days before CPP conditioning began. All subjects gained weight normally, displayed no signs of inflammation or infection at the surgical site, and expressed normal behavior following surgery.
Conditioned place preference
Apparatus-The custom-designed conditioned place preference apparatus consisted of three equal-sized clear Plexiglas chambers (27.5cm W × 21cm L × 20.5cm H). Each side chamber contained distinct striped wallpaper and tactile flooring, which together formed a context unique to that chamber. The center chamber had white walls and a solid grey floor, and was connected to the two side chambers by doors that could be closed manually Morrell, 2007, 2008; .
Chamber preference criteria-Stringent quantitative criteria were used to identify whether each individual subject preferred one of the CPP chambers paired with a primary stimulus (i.e., stimulus-paired context) Morrell 2007, 2008; ). To prefer a stimulus-paired context, a subject must spend at least 30min in one chamber and 25% more time in that chamber than any other chamber. Subjects failing to meet chamber preference criteria were categorized as having no preference. To allow direct comparisons with established CPP literature (Tzschentke, 1998 (Tzschentke, , 2007 , the mean time spent in each chamber, averaged across all subjects, is also presented.
Pre-conditioning baseline session-Each female was placed into the center chamber and allowed to freely access all three chambers for 60min, one day prior to conditioning.
Conditioning phase-Subjects were conditioned to associate each uniquely decorated side chamber (i.e., context) with an unconditioned stimulus once a day for four consecutive days. Unconditioned stimuli were selected based on an established history of eliciting strong CPP in each group , with cocaine or pups assigned to the side chamber that was least preferred during pre-conditioning.
Virgin females: Conditioning stimuli were intraperitoneal (i.p.) injections of a cocaine (5mg/ kg) or saline solution. Cocaine hydrochloride (National Institute of Drug Abuse, Research Triangle Park, NC) was freshly dissolved in a 0.9% saline solution at a 5mg/kg dose, calculated as a salt; this dose establishes strong CPP in both virgin and postpartum females Pereira and Morrell, unpublished data) . At 1000, females were injected with saline and confined to one cue-decorated chamber for 30min (saline-paired context), then returned to their homecages. At 1200, females were injected with cocaine and confined to the opposite cue-decorated chamber for 30min (cocaine-paired context).
Postpartum females: Conditioning stimuli were pups that were age-matched to the postpartum day of the parturient females [postpartum day (PPD) 4-7 on conditioning days 1-4, respectively]. At 0945, all pups were removed from females' homecages and placed in small boxes adjacent to each homecage, so that females could smell and hear pups but not interact physically with them (details in Morrell, 2007, 2008) . At 1000, females were confined to one cue-decorated apparatus chamber that contained no unconditioned stimuli (empty context) for 1hr. Females were returned to their pup-less homecages for 1hr. At 1200, five pups were placed into the opposite cue-decorated apparatus chamber and females were confined to that chamber for 1hr (pup-paired context), allowing sufficient time for maternal interactions (Fleming et al., 1994; with pups that were needy of maternal care (Pereira and Ferreira, 2006) .
Post-conditioning test session-Females were tested for conditioned preference for each context on the day after the final conditioning session (e.g., PPD8 for postpartum females). All females were handled and lightly restrained in the experimenter's lap for 5min on the day before CPP testing to habituate females to the infusion procedures used on the test day. One hour prior to CPP testing, all pups were removed from postpartum females' homecages and placed in small boxes adjacent to their homecages.
Microinfusions of bupivacaine and saline:
Immediately before CPP testing, females were given a bilateral microinfusion of 2% bupivacaine (in 0.9% saline) or saline. Microinfusions were made via bilateral injector cannulae that projected 1.5mm from the tip of the guide cannulae (8.5mm from pedestal; 28 gauge, Plastics One, Inc., Roanoke, VA). Infusions of 0.5µl/side/min were performed using 10µl gastight syringes (1800 Series, Hamilton, Reno, NV) connected to a Harvard infusion pump. The injector cannulae were left in place for 1min after infusions ended. Females were then promptly placed into the center CPP chamber and allowed free access to all chambers for 60min. Unconditioned stimuli (pups or injections) were not present. Females were retested on the next day with the alternate microinfusion (bupivacaine or saline) in a counterbalanced design. Microinfusion order did not elicit any CPP differences, so data were pooled.
Surgical and intact controls: Females with immovable stylets (i.e., surgical controls) and intact controls were lightly restrained for 5min prior to CPP testing to mimic infusions.
After CPP testing ended, all females and pups were returned to their homecages. A positive conditioning effect was identified if, within each group, mean chamber times changed from pre-to post-conditioning. In females given microinfusions, the saline CPP test was used as post-conditioning data.
Locomotion
Locomotion was measured within the CPP apparatus via infrared beams that traverse the chamber floors. New beam breaks were automatically pooled into 5min bins and divided by the time (in seconds) spent in the chamber during those 5min, resulting in a locomotor rate. Locomotor rates during each CPP test session were compared to confirm that microinfusions did not impair subjects' motor activity.
Maternal behavior testing
In a time frame independent of CPP conditioning and testing, homecage maternal behavior was observed and scored in a subpopulation of VTA (n=9) and intact (n=3) postpartum females on PPD7-8. Behavioral testing commenced at least 3hrs after postpartum females were reunited with pups in their homecages following CPP. One hour prior to behavioral testing, pups were removed from females' homecages and placed in small boxes adjacent to each homecage (see . VTA females received a microinfusion of bupivacaine or saline (as described above) and were promptly returned to their homecages. Intact controls (PPD8) were handled and lightly restrained for 5min before being returned to their homecages. Eight pups were scattered around each female's homecage and behavior was observed for 15min. The female's latencies to retrieve her first pup and all eight pups to her nest, hover over pups, and assume a low crouch position over her pups were recorded. Frequency of anogenital and corporal licking of pups, carrying a pup by mouth to non-nest locations and non-maternal behaviors (sniffing air, self-grooming, eating/drinking, resting, sleeping) were recorded every 10sec. Behavioral criteria are as previously defined .
Histology
Subjects were deeply anesthetized with Nebutal (1ml) and intracardially perfused with 4% formalin. Brains were removed, sectioned at 30µm using a Bright-Hacker cryostat, and mounted on chrom-alum coated slides. Alternate sections were stained with Cresyl Violet to identify cannulae location, based on neuroanatomy described by Paxinos and Watson (1986) , and rinsed with a series of distilled H 2 0 and alcohol washes before coverslipping. Tissue located past the injector cannulae tips did not show signs of lesion or scarring, indicating that injected volumes of solution did not permanently damage tissue. Anatomical location of cannulae. The most caudal tips of injector cannulae marked the presumed anatomical location of microinfusions. Females receiving injections were separated into groups by anatomical location of injector cannulae termination: bilaterally in the VTA (VTA females), unilaterally within or in close proximity to the substantia nigra (Substantia nigra controls), or bilaterally rostrally and/or dorsally to VTA (Injection controls). Additional groups were formed by females with stylets that could not be removed from guide cannula for microinjections (Surgical controls) and by non-surgical females (Intact controls). See Figure 1 .
Statistics
Statistical analyses were performed using SPSS or manually (Siegel, 1956; Bruning and Kintz, 1987) with P<0.05 as significance level. Chamber preferences are presented as the percentage of individual subjects meeting criteria for each of four preference categories (preference for either stimulus-paired side chamber, center chamber, or no preference). Chamber times (averaged across subjects), locomotor rates and behavior scores are presented as means and standard errors of the mean (SEMs). A Levine's test for equality of variance and KolmogorovSmirnov test preceded all parametric tests; non-parametric tests were used as needed. Withingroups. Pre-and post-conditioning preferences were compared using a chi-square goodness of fit test for specified proportions or a one-tailed test for significance of a proportion. Pre-and post-conditioning times were compared using two-way ANOVAs (chamber and session as repeated measures) and select t-tests. Locomotor rates were compared using two-way ANOVAs (infusion and time as repeated) and select t-tests. Maternal behavior scores were compared using Wilcoxon signed ranks (T) tests. Between-groups. Chamber preferences were compared using one-tailed tests of significance of difference between two proportions. Chamber times and locomotor rates within a session were compared using two-way ANOVAs (chamber or time/day as repeated, respectively) and select t-tests. Maternal behavior scores were compared using Mann-Whitney U tests.
Results
Verification of anatomical location of cannulae VTA females-The tips of injector cannulae terminated bilaterally in the VTA and microinfusions were patent in eight virgin and ten postpartum females (Figure 1a-b) .
Substantia nigra controls-In two postpartum and two virgin females, injector cannulae terminated unilaterally within or in close proximity to the substantia nigra (SN; Bregma −5.20mm) and unilaterally in the VTA (Figure 1c ). In these SN females, bupivacaine promptly produced severe locomotor impairment, confirming that even unilateral inactivation of a discrete non-VTA site produced observable changes in behavior. No other group of females displayed these locomotor impairments, indicating that, in VTA females, diffusion was spatially restricted and did not extend into the SN. As SN females were unable to move between CPP chambers and remained in the center chamber during the first 15min of the CPP test session, they were omitted from all statistical analyses.
Control females-Non-surgical females (Intact controls), females that had immovable stylets and could not receive microinjections (Surgical controls) and females receiving bilateral injections rostrally and/or dorsally to the VTA (Injection controls) all expressed statistically identical chamber preferences and times during CPP testing. Data from these three groups (now referred to as Control females) were pooled for subsequent analyses.
Intact controls:
Nineteen postpartum and twelve virgin females provided standard baseline data confirming that conditioning stimuli induced measurable CPP, as expected (Seip et al., 2007; .
Surgical controls:
In ten postpartum and seven virgin females, guide cannula terminated dorsally and/or rostrally to the VTA but stylets could not be removed for microinjections (Figure 1e ). Data from this group confirmed that cannulation surgery (without microinfusions) did not affect the acquisition or expression of CPP.
Injection controls:
Injector cannulae terminated rostrally and/or dorsally to VTA in seven females (Figure 1d ). Females' chamber preferences and times (i.e., CPP) were identical after bupivacaine and saline microinfusions (Figure 2) , confirming bupivacaine microinjections into discrete non-VTA sites do not affect CPP. For simplicity, females' CPP data after saline microinfusions were used for pooled statistical analyses (above). Bupivacaine microinfusions into the VTA disrupt the expression of conditioned preference for a pup-paired context-Following saline microinfusion into the VTA, half (50%) of the postpartum females expressed strong preference for the pup-paired context (Figure 4a ). VTA females' preference for the pup-paired context matched the preference expressed by all control females (groups 1-3). Postpartum females given intra-VTA saline also expressed similar preference for the other, non-pup-paired contexts (Figure 4a ) and spent similar amounts of time in each chamber (Figure 4b ) compared to all control females.
Following bupivacaine microinfusion into the VTA, however, postpartum females' preference for a pup-paired context was completely abolished. Significantly fewer females preferred the pup-paired context following intra-VTA microinfusions of bupivacaine than following intra-VTA microinfusions of saline (z=−3.16, P<0.001) and compared to all control females (z=2.13, P<0.05) ( Figure 4a) ; females also spent less time in the pup-paired context after intra-VTA bupivacaine than they did after intra-VTA saline [t(9)=−2.57, P<0.05] (Figure 4b ). Intra-VTA bupivacaine also increased the population of females that lacked a chamber preference compared to intra-VTA saline (z=−3.15, P<0.001) and to control females (z=2.13, P<0.05). Time spent in the non-pup-paired contexts (i.e., center/empty contexts) and preference for those contexts, however, remained similar regardless of microinfusion into the VTA and matched the times and preferences of control females.
Expression of conditioned preference for a cocaine-paired context is unaffected by intra-VTA bupivacaine-Virgin females' preference for the cocaine-paired context remaining consistently high (50-52% of females), regardless of whether they had just received microinfusion of bupivacaine or saline into the VTA (Figure 5a ). Females also spent similar amounts of time in the cocaine-paired context after each intra-VTA microinfusion (Figure 5b ). Females' preferences for the non-cocaine-paired contexts (Figure 5a ) and time spent in those contexts (Figure 5b ) did not differ after each intra-VTA microinfusion. In all cases, females' preferences and times were identical to those of control females (groups 1-3).
Locomotion
Females' locomotion was strikingly similar following intra-VTA microinfusions of bupivacaine and saline ( Figure 6 ). After each microinfusion, all VTA females moved easily between CPP chambers and visited each chamber during the first 15min of each CPP test session. Regardless of microinfusion, locomotor rate decreased significantly across the CPP test session in both postpartum females [main rate effect: pup-paired context, F(11,99)=4.03; empty context, F(11,99)=4.12; both P<0.001] (Figure 6a ,c) and virgin females [main rate effect: cocaine-paired context, F (11,77)=4.01; saline-paired context, F(11,77)=2.67; both P<0.01] (Figure 6b,d) . A significant interaction emerged between session time and microinfusion in the empty side context in postpartum females [F(11,99)=2.70, P<0.01] and in the cocaine-paired context in virgin females [F(11,77)=2.89, P<0.01] . Locomotor rates in these contexts were subsequently collapsed across the first half (0-30min) and last half (30-60min) of the session and compared; bupivacaine only reduced locomotor rate in the empty context [t(9)=3.41, P<0.01].
Maternal behavior
In postpartum females, the expression of select maternal behaviors was disrupted by intra-VTA bupivacaine microinfusions (Figure 7) . Intra-VTA bupivacaine significantly extended postpartum females' latency to retrieve all eight pups to the nest [T=2.0, P<0.02], hover over pups [T=5.0, P<0.05] and assume a low crouch position over pups [T=5.0, P<0.05] compared to intra-VTA saline (Figure 7a ). Following intra-VTA bupivacaine, females also performed less anogenital licking [T=5.0, P<0.05] and more non-maternal behaviors such as sniffing the air [T=1.0, P<0.01] than they did following intra-VTA saline (Figure 7b ). Females were also observed carrying pups in their mouth and/or dropping pups in non-nest locations (i.e., disorganized retrieval) more frequently following intra-VTA bupivacaine than intra-VTA saline [T=0.0, P<0.01]. Compared to control females, females given intra-VTA bupivacaine took longer to retrieve their first pup (U=−8.5, P<0.02) and all eight pups to the nest (U=−12.0, P<0.02) and to hover (U=−9.0, P<0.02) and crouch over pups (U=−10.0, P<0.02). Following intra-VTA bupivacaine, females also performed less anogenital licking (U'=1.0, P<0.05) and sniffed the air more frequently (U=−13.0, P<0.02) than controls. Following intra-VTA saline, maternal behavior expressed by VTA females was identical to that of controls.
Discussion
The present study provides novel insight into the motivational state of the female rat by revealing that intact VTA function is required for the expression of CPP for a context paired with a natural (pup) stimulus but not CPP for a context paired with a pharmacological (cocaine) stimulus. Virgin females' preference for a cocaine-paired context remained intact despite VTA inactivation (via bupivacaine), with preference remaining identical regardless of whether bupivacaine or saline was microinfused into the VTA. Postpartum females' preference for a pup-paired context, however, was abolished by bupivacaine microinfusions into the VTA. Following saline microinfusions, females' preference for the pup-paired context matched that of controls (groups 1-3). Postpartum females' preference for the center and empty side chambers remained similar regardless of VTA function, confirming that disrupted CPP expression was restricted to the context paired with the salient pup stimulus. To our knowledge, this is the first demonstration that intact VTA function is critical for the expression of preference for a unique context paired with an appetitive natural stimulus but not one paired with an appetitive drug.
Chamber preferences following intra-VTA saline microinfusions matched those of control females (groups 1-3), confirming that neither VTA cannulation nor surgery itself altered CPP expression. As surgery occurred prior to the start of the CPP paradigm, any possible surgeryrelated confounds (e.g., anesthesia, stress, discomfort) or tissue damage caused by cannula implantation (e.g., Benveniste and Diemer, 1987) did not affect CPP acquisition or expression, as reported by others (Herzig and Schmidt, 2007) .
As bupivacaine blocks Na+ channels to induce widespread neuronal inactivation, discrete bupivacaine microinfusions used in the present study presumably inactivated all neuronal types within the VTA. Neurons in the VTA vary widely in their connectivity and neurochemical content. While DAergic VTA neurons projecting to the NAc have received the most experimental attention regarding motivation and goal-directed behavior, VTA neurons containing gamma-amino butyric acid (GABA) (Van Bockstaele and Pickel, 1995; Carr and Sesack, 2000) or glutamate (Yamaguchi et al., 2007) may also participate in motivated behavior and drug-related responsiveness. These non-DAergic subpopulations of VTA neurons send long-range projections to a variety of targets, including the NAc (Van Bockstaele and Pickel, 1995) , prefrontal cortex (PFC) (Carr and Sesack, 2000) , amygdala (Rosenkrantz and Grace, 2002), hypothalamus and MPOA (Swanson, 1982; Miller and Lonstein, 2006) , ventral pallidum (Fields et al., 2007) and lateral habenula (Swanson, 1982) , which may contribute importantly to different aspects of reward-related and goal-directed behavior, decision-making and affective processing (McBride et al., 1999; Tzschentke, 2000; Fields et al., 2007; Hikosaka, 2007, 2009) . Unlike blocking specific classes of receptors, bupivacaine depressed the activity of all neurochemical subpopulations of VTA neurons, effectively eliminating VTA input to a broadly distributed neural circuitry participating in motivated behavior.
As voltage-gated Na+ channels are also located at nodes of Ranvier on axonal fibers, bupivacaine also blocks axonal conductance in fibers of passage. One such fiber bundle, the fasciculus retroflexus (FR), projects from the habenula to the interpeduncular and raphé nuclei through the midbrain, just dorsal to the VTA. Though the habenula and its projections respond to the motivational value of stimuli and their predictive cues Hikosaka, 2007, 2009) , it is unlikely that bupivacaine-induced blockade of the FR within the VTA affected CPP, as our injection controls received bupivacaine into rostral and/or dorsal aspects of the FR yet retained normal CPP.
Given the injected volume and expected diffusion of bupivacaine, we posit that physiological inactivation induced by bupivacaine microinjection was limited to the VTA. The VTA extends approximately 1,000 microns (µm) mediolaterally, 800-1,000µm dorsoventrally, and 600-800µm rostrocaudally. Bupivacaine is structurally similar to the amide anesthetic lidocaine, which diffuses in an estimated sphere of 1000µm from the tip of the injector cannulae per 1µl microinfusion (Sandkühler et al., 1987; Martin and Ghez, 1999; Pereira de Vasconcelos et al., 2006) . This sphere of diffusion coincides with a spherical area of depressed physiological activity (Boehnke and Rasmusson, 2001 ) and local glucose uptake (Martin and Ghez, 1999) , with little inactivation extending beyond that perimeter (Tehovnik and Sommer, 1997) . As expected for bupivacaine, lidocaine-induced neuronal inactivation is greatest at the center of the microinjection site, where drug concentration is greatest, and decreased gradually with increasing distance from injection site (Martin, 1991; Martin and Ghez, 1999) . Given its smaller molecular mass (Tucker and Mather, 1998) , bupivacaine is presumed to spread to equal or slightly greater distances than an identical volume of lidocaine. Thus, our bupivacaine microinjections of 0.5µl/side likely diffused about 500-600µm from all directions of the injector cannula. Given the anatomical accuracy of cannula tip placement, we believe that bupivacaine inactivated the majority of the VTA without diffusing into neighboring structures.
The site specificity of microinfusions was also verified behaviorally in our locomotor analyses. In VTA females, locomotor habituation emerged consistently in each chamber, mean locomotor rates did not differ, females moved easily between CPP chambers and postpartum females carried and manipulated pups normally following either microinfusion. In contrast, unilateral inactivation of the adjacent substantia nigra (SN) produced rapid and profound locomotor impairments. Given the normal locomotor behavior observed in VTA females, we posit bupivacaine diffusion into SN was minimal.
Region-specific mesocorticolimbic lesions have been used frequently to alter the acquisition but not the expression of CPP (for review, see Tzschentke, 1998 Tzschentke, , 2007 . Interventions targeting the acquisition of CPP disrupt the ability of a subject to encode the valence of the primary stimulus (e.g., pups) and/or attribute incentive value to a unique context paired with that stimulus. In contrast, interventions targeting CPP expression alter a subjects' motivation to seek out and spend time in a unique context attributed with a certain value. As mesolimbic manipulations may not affect consolidated learning (Dalley et al., 2005; Berridge, 2007) and thus subjects' retrieval of learning about the conditioned value of each CPP context, impaired pup CPP following VTA inactivation likely reflects a selective disruption of goal-directed behavior toward unique contexts associated with pups. Only limited work has assessed expression of drug CPP after mesolimbic disruption (Sellings and Clarke, 2003; Moaddab et al., 2008) ; this is the first study to assess CPP for cocaine-or pup-paired contexts by disrupting VTA function.
These findings extend growing evidence that the incentive value of pups depends upon connections between the maternally responsive medial preoptic area (MPOA) and the mesocorticolimbic system. In females, the MPOA mediates the expression of maternal behavior (Lee et al., 2000; Numan et al., 2007) , motivation to reunite with offspring (Perrin et al., 2007) and preference for a unique pup-paired context . The MPOA and ventral bed nucleus of the stria terminalis (vBNST) project directly to VTA (Numan and Smith, 1984; Numan and Numan, 1997) and these projections are activated during motivated pup-directed behavior (Numan and Numan, 1997) . Maternal behavior is disrupted following MPOA or VTA lesions (Gaffori and LeMoal, 1979; Lee et al., 2000; Perrin et al., 2007) or by blocking select receptor subtypes within the VTA (Pedersen et al., 1994; Thompson and Kristal, 1996; Numan and Stolzenberg, 2009) . As DAergic projections from the VTA (Hansen et al., 1991) and their upstream targets (PFC: Afonso et al., 2007 ; NAc: Lee et al., 2000) must also remain intact for females to express maternal behavior, the VTA may allow maternally relevant input from the MPOA/vBNST to access the mesocorticolimbic system (Numan, 2007; Numan and Stolzenberg, 2008, 2009) to facilitate preference for a pup-paired context. Select impairments in motivated maternal behavior following VTA inactivation were also revealed in females tested for pup CPP. Transient VTA inactivation selectively disrupted pup retrieval and anogenital licking, though females could still carry/transport pups with their mouths, group and lick pups (see corporal licking data), and assume normal nursing postures (though retrieval impairments extended females' latency to hover/crouch). As PFC lesions selectively disrupt pup retrieval and licking (Afonso et al., 2007) , the specific deficits revealed in the present study suggest that VTA inactivation disabled maternally relevant inputs to the PFC.
While the expression of preference for chambers paired with a natural stimulus required intact VTA function, preference for the cocaine-paired chamber remained intact despite widespread VTA inactivation. Extensive research suggests that the mesolimbic circuitry, including the VTA and NAc, contribute to an animal's response to cocaine and cocaine-paired stimuli and its expression of cocaine-seeking behavior (Carelli et al., 2000; Carelli and Ijames, 2001; Carelli, 2002 Carelli, , 2004 Phillips et al., 2003a; Roitman et al., 2004; Yun et al., 2004; Sombers et al., 2009 ). In the present study, however, the expression of cocaine CPP was unaffected by inactivation of the VTA and its projections.
Only one other study used a similar site-specific inactivation procedure, revealing that the expression of morphine CPP was reduced, but not abolished, following bilateral VTA inactivation and remained undisrupted following unilateral inactivation (Moaddab et al., 2008) . Compared to the present study, Moaddab and colleagues (2008) used a different strain, sex and age of rats, number of conditioning sessions, and drug, dose and route of administration, each of which can influence CPP (reviewed in Bardo et al., 1995; also, see Russo et al., 2003; . A combination of these variables likely contributed to the difference in magnitude of CPP effects reported in these two studies.
A number of alternative, non-VTA dependent mechanisms may exist to maintain cocaineseeking behavior during the expression of CPP. The basolateral amygdala (BLA) is strongly activated by preference for a cocaine-paired chamber (Mattson and Morrell, 2005) and cocainepaired cues (Carelli et al., 2003) but is not activated as strongly by preference for a pup-paired chamber (Mattson and Morrell, 2005) . Given a sufficiently salient stimulus, such as cocaine, the BLA may be able to sustain CPP during VTA inactivation, possibly by directly modifying accumbal DA release (Floresco et al., 1998; Phillips et al., 2003a) . The PFC also contributes to the reinforcing properties of cocaine (Isaac et al., 1989) and participates in goal-directed behavior (Tzschentke, 2000; Hitchcott et al., 2007) . As prefrontal disregulation can increase motivation to seek drugs and drug-related stimuli (Jentsch and Taylor, 1999; Tzschentke, 2000) but not necessarily natural stimuli like food , inactivating the VTA and its projections to the PFC may facilitate responses to cocaine-paired cues to maintain cocaine CPP.
We conclude that the VTA may be differentially involved in motivated seeking behavior directed toward contexts associated with natural stimuli and contexts associated with drug stimuli. As virgin and postpartum females express identical CPP for intraperitoneal cocaine and, if sensitized to behave maternally, for a pup-paired chamber , we fully expect that, following VTA inactivation, cocaine CPP would remain intact in postpartum females and pup CPP would be abolished in maternal virgin females. Together, these findings emphasize the importance of characterizing females' motivated behavior toward various salient stimuli in her environment. The choice to invest time with a specific stimulus over available alternatives can be evolutionarily advantageous, such as when a female seeks out stimuli that will directly benefit her progeny (e.g., food, maternal care) or maladaptive (e.g., drug-seeking). The present work now reveals that motivated seeking behavior directed toward contexts associated with natural, highly adaptive stimuli may be strikingly vulnerable to loss of VTA function compared to contexts paired with drugs of abuse. Histology. The placement of injector tips of bilateral cannulae in individual virgin (a) and postpartum (b) females with cannulae aimed at the ventral tegmental area (i.e., VTA females) or control females with cannulae aimed at the substantia nigra (Substantial Nigra controls; c), dorsally/rostrally to the VTA (i.e., Injection controls; d), and that had unmovable stylets (i.e., Surgical controls; e). Approximate stereotaxic coordinates, represented as millimeters posterior to Bregma, are listed to the right. Conditioned preferences (a) and times (b) for each stimulus-paired context following bupivacaine (striped bars) and saline microinfusions (solid bars) in Injection controls, in which cannulae terminated dorsally/rostrally to the ventral tegmental area. Individual preferences for each stimulus-paired context (a) and mean time (min) spent in each stimulus-paired context (b) during the post-conditioning test session(s) by postpartum females. Immediately prior to the start of the test session, females were given an intra-VTA microinjection containing 2% bupivacaine (striped bars) or saline solution (solid bars); all control females were handled but no microinjections were administered (open bars). All between-groups (#) and within-groups (*) comparisons, P<0.05. Mean latency to perform (a) and number of observations of (b) various maternal behaviors by postpartum females, immediately following intra-VTA microinfusions of 2% bupivacaine (striped bars) or saline (solid bars). Intact females were handled but no microinjections were administered (open bars). All between-groups (#) and within-groups (*) comparisons, P<0.05.
